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Abstract 1 
Perforated pipes are used widely in vertical and horizontal production wellbores. 2 
Understanding the fluid flow behaviour through perforated pipes by taking into consideration 3 
the wall inflow is crucial for determining the wellbore frictional characteristics. Accurate 4 
prediction of pressure drop along the perforated pipes is a key step in completion design of 5 
production wellbores. Many empirical and theoretical models have been reported in the 6 
literature to predict pressure drop and friction factor along perforated pipes. However, these 7 
models show contradictory findings which is resulted from variations in the wall inflow 8 
configuration and modelling assumptions. The fluid flow through the surrounding formation 9 
and its interactions with wellbore have been simplified in the previous models which limits 10 
their range of applicability. 11 
In this study, a three-dimensional integrated reservoir-wellbore model of fluid flow through a 12 
perforated pipe surrounded by porous media is developed via Computational Fluid Dynamics 13 
(CFD) simulation. The model is used to investigate the effect of perforation parameters 14 
including perforation density, diameter and phasing angle on the wall friction factor and the 15 
pressure drop along the perforated pipe. The simulations are carried out for pipe inlet 16 
velocities of 0.5, 2.5, and 5 m/s with inflow to pipe flow rate ratios of 0, 7.5, 15, 30%. The 17 
results from this study show that the friction factor varies linearly with the perforation density 18 
but does not change remarkably with the perforation diameter or phasing. The observed 19 
trends of wall friction factor with perforation parameters are further explained and confirmed 20 
by studying the local wall shear stress results. Increasing the number of perforations leads to 21 
a higher friction factor as well as a larger pressure drop along the pipe. It is also observed that 22 
for perforation phasing angle of 90º, the overall pressure drop has the highest value compared 23 
to other phasing angles due to intensified influence of mixing pressure drop. For turbulent 24 
flows with high Reynolds number, the accelerational pressure drop is more dominant than the 25 
frictional and mixing pressure drop for the same inflow to pipe flow rate ratios. The 26 
developed model provides an alternative solution to experimental studies of perforated pipes, 27 
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while delivering more details on friction factor behaviour and overall pressure drop 1 
components. 2 
Keywords: perforated pipe; perforation density; diameter; phasing angle; friction factor; 3 
pressure drop  4 
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Nomenclature 1 
A pipe cross-section area, m2 2 
d perforation diameter, m 3 
D pipe diameter, m 4 
f pipe wall friction factor 5 
h formation thickness, m 6 
K pressure drop coefficient 7 
L pipe length, m 8 
n perforation density, SPM (shots per meter) 9 
P pressure, Pa 10 
q volumetric production rate, m3/s 11 
Q Pipe inlet flow rate, m3/s 12 
Re Reynolds number (
µ
ρUD ) 13 
Si momentum sink term, kg/m2s2 14 
t pipe wall thickness, m 15 
u velocity, m/s 16 
U pipe volume averaged velocity, m/s 17 
vi pipe inlet velocity, m/s 18 
xi Cartesian coordinates, m 19 
 20 
Greek letters 21 
Φ phasing angle, degree 22 
δ roughness height, m 23 
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ε turbulence eddy dissipation, m2/s3 1 
λ swirling strength, 1/s 2 
µ dynamic viscosity, Pa s 3 
ρ density, kg/m3 4 
τ shear stress, Pa 5 
 6 
Subscript 7 
0 non-perforated pipe 8 
a additional term 9 
i wall inflow 10 
w perforated pipe wall  11 
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1. Introduction 1 
Perforated pipes have been used widely in many fields including oil and gas, water treatment 2 
and chemical engineering designs. Perforated tubes and casings are commonly used in oil and 3 
gas industry to provide wellbore stability and avoid production wells collapsing after 4 
drillings. The pressure drop along perforated tubes is completely different from conventional 5 
pipe flow due to different tube wall geometry and wall inflow configuration. The fluid inflow 6 
has a determining impact on well production performance and therefore is remarkably 7 
important to be well understood in wellbore design and developments. The fluid flow through 8 
pipe wall influences the velocity profile across the pipe as well as pressure gradient along the 9 
pipe, which is different from the conventional solid-wall pipe flows. In addition to inflow 10 
effects, perforated pipe wall geometry is also different from a solid-wall pipe and 11 
consequently results in different local wall shear stresses and friction factor. 12 
Studies of pipe flow with wall inflow or suction began with porous-wall pipe flow. One of 13 
the earliest studies of fluid injection and suction at the pipe wall was carried out by Yuan [1]. 14 
The Navier-Stokes equations in cylindrical coordinate was solved for a two-dimensional 15 
steady state laminar flow of fluid in a porous-wall pipe. Their theoretical results showed that 16 
the injection at the pipe wall leads to increase of wall friction factor. Olson and Eckert [2] 17 
investigated fully turbulent air flow with uniform air injection through the porous tube wall 18 
experimentally. Less changes in flow parameters were observed under the effect of wall 19 
injection as moving along the tube length from entrance towards downstream. They also 20 
concluded that the wall shear stress and the friction factor reduces with the wall inflow for 21 
turbulent flow. 22 
Study of pipe flows with porous wall were followed by experimental investigations on 23 
pressure drop and friction factor behaviour along perforated pipes with fluid flow through the 24 
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perforations [3-6]. Flow injection through perforations results in increased flow resistance by 1 
disturbing the boundary layer, and consumption of pressure energy to accelerate the injected 2 
fluid. For large amount of fluid inflow, the accelerational effects play more dominant role in 3 
overall pressure drop. Siwon [7] conducted laboratory tests on a hydraulic model with lateral 4 
inflow along the main stream. Pipes with different perforation diameters and densities were 5 
used to measure Darcy-Weisbach friction factor. He argued that perforated pipes have a 6 
greater equivalent sand roughness height of the wall compared to ordinary pipes. It was 7 
revealed that in some cases the friction factor for perforated tubes were 80% greater than 8 
ordinary tubes. They mentioned that the identical results were found for pipes with different 9 
perforation diameters and pipe friction factor was a function of Reynolds number, wall 10 
permeability (perforation density), and roughness of the wall. Asheim et al. [6] developed a 11 
flow resistance model for horizontal well flow and considered the effect of both wall friction 12 
and fluid inflow on the effective friction factor. They experimentally developed the wellbore 13 
flow model and examined the accuracy of the model for different inflow to pipe flow velocity 14 
ratios. It was shown that the flow resistance could affect the wall inflow rate, from reservoirs 15 
to wellbores, especially for long horizontal wellbores. 16 
It has been proven that the friction factor in perforated pipes without wall flow are different 17 
from solid-wall pipes. Su and Gudmundsson [8] measured the friction factor for vertical 18 
perforated pipes with small diameters geometrically similar to horizontal wells. Their 19 
experimental results proved that the perforations act as roughness elements and increase the 20 
friction factor of the pipe. It was indicated that the roughness function increased linearly with 21 
the perforation to pipe diameter ratio. In another research [9], they conducted similar 22 
experiments using a horizontal perforated pipe with wall inflow. It was demonstrated that the 23 
overall pressure drop consisted of wall friction, mixing effects, perforation roughness, and 24 
accelerational pressure drop. Ouyang, Arbabi [10] presented one of the widely accepted 25 
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pressure drop and friction factor models based on the momentum balance equation for a 1 
section of wellbore with wall inflow or outflow. Four different types of pressure drops were 2 
defined, namely, frictional, accelerational, gravitational, and inflow induced pressure drop.  3 
They concluded that for turbulent flow wall friction factor decreased with inflow from wall 4 
due to expansion of turbulent boundary layer which is commonly known as the lubrication 5 
effect. 6 
More attempts have been carried out to obtain more accurate pressure drop models for 7 
wellbore flow. Yalniz and Ozkan [11] investigated the effect of inflow from horizontal wall 8 
on flow characteristics and pressured drop experimentally and theoretically. They developed 9 
a generalized friction factor correlation as a function of Reynolds number, the ratios of influx 10 
to wellbore flow rate and perforations to wellbore diameter. Based on their experiments, it 11 
was suggested that the wall friction-factor correlations were very sensitive to the conditions 12 
under which they were derived. It was also concluded that for the case of no influx, 13 
perforated sections had a smaller wall friction factor. Wang et al. [12] measured the pressure 14 
drop due to inflow in a horizontal perforated pipe loop. Their experimental results showed 15 
that the pressure drop grew as a result of increased wall inflow rate. Their model suggested 16 
that total pressure drop consisted of two parts including the perforated pipe wall friction loss 17 
and the additional losses. Recently, Zhang et al. [13] presented a model for prediction of 18 
pressure drop based on the previous studies (mainly Ouyang et al. [10] model) and some new 19 
experiments. Their model predictions demonstrated higher accuracy compared to the 20 
previous models. 21 
A review on experimental pressure drop models for perforated tubes shows some 22 
contradictory results limiting their range of applicability. Yuan et al. [14] experimentally 23 
investigated the effect of perforation density on friction factor in small pipes. The model 24 
suggested that the friction factor for perforated pipes with inflow could be either smaller or 25 
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greater than ordinary pipes depending on the inflow to main flow rate ratios. However, 1 
Ouyang et al. [10] suggested that the friction factor depended on flow regime and for 2 
turbulent flow, influx decreases friction factor. Some experimental results [7, 8] showed that 3 
the friction factor for no inflow case is greater than that for ordinary pipes while the study by 4 
Yalniz and Ozkan [11] showed a different behaviour. In order to understand the underlying 5 
cause of such differences, a review on geometrical parameters of perforated pipe experiments 6 
is summarized in Table 1. Different perforation patterns, wall inflow configuration to feed the 7 
perforations, and the use of small diameter tubes are just few reasons to understand the 8 
inconclusive behaviour and subjectiveness of the experiments. Such opposing findings and 9 
the complicated flow condition and measurements in perforated tubes can limit the 10 
application range of experimental studies to certain operating conditions carried out 11 
previously. 12 
Some studies have used CFD modelling to overcome the above mentioned difficulties for a 13 
wider range of applications. Su [15] used commercial CFD code FLUENT to simulate 14 
smoothing effects of the wall inflow. The axial velocity gradient through a rectangular 15 
perforation with constant wall inflow velocity was computed to confirm their experimental 16 
observations in similar condition. Yuan [16] simulated a two-dimensional flow in a 17 
horizontal well using the same technique to determine the developing region after the main 18 
flow was influenced by the wall inflow. The results showed that the developing length grows 19 
with increasing the inflow to main flow rate ratio. In another study, Ouyang et al. [17] 20 
investigated a single-point wall entry flow for oil and gas wells. They used ANSYS Fluent to 21 
study velocity profiles, streamlines and pressure distribution along the wellbore. Azadi et al. 22 
[18] developed an integrated reservoir-wellbore flow to overcome the simplifying 23 
assumptions at the reservoir and wellbore interface for a large-scale open-hole model. The 24 
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integrated CFD model showed promising results by studying the effect of wellbore geometry 1 
on flow characteristics, pressure drop and production performance of the wellbore. 2 
 3 
Table 1. Geometrical conditions of perforated pipe experiments 4 
Reference D (cm) d (mm) 
L 
(m) 
Working 
fluid 
n (SPM) Φ (deg) 
Wall inflow 
configuration 
Siwon [7] 5.66 4.5,6,9 4.6 water =
l
p
A
A
0.0072-0.1259* Triangle pattern Outer mantle pipe 
Asheim [6] 4.26 10 
1.37
5 
water 1 Upper wall Single entry 
Su [8] 
1.2,1.4, 
1.6,1.9 
1-5 2 water 39 (12 SPF)** 60 
No wall inflow 
/Sealed 
Schulkes [22]  15 9 15 Water 4 Two diagonal lines Radial inflow 
Su [21] 2.22  3 2 water 39 (12 SPF)** 60 Outer jacket 
Yuan [14, 23] 2.54 3.175  1.22 water 3,7,13 (1,2,4 SPF)** 0,90,180 
Covered with cloth 
inside annulus 
Yalniz [11] 2.54 4,8 2.8 water 1 0 Perforation flow line 
Wei [24] 12.4 10,20,30 6 White oil 8,16,24 45,90,180 Outer casing 
Wang [25] 13.97 10 2.4 Oil 17 0 Outer casing 
*
 Wall permeability as the ratio of the surface area of all perforations to the internal surface area of the 5 
pipe wall was used for perforation density 6 
**
 These values refer to geometrically similar perforated pipes in practical applications 7 
 8 
The developed pressure drop models for perforated pipes are generally implemented in 9 
independent reservoir simulators. This may cause in additional inaccuracies due to the lack of 10 
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physical in-situ interactions between wellbore and reservoir. Moreover, different methods and 1 
operating conditions are assumed in the development of each model that may lead to 2 
incompatible coupling for any reservoir/wellbore scenario. 3 
 
Fig. 1 – Perforated pipe geometry surrounded with porous formation 
A reliable prediction of wellbore flow, not only depends on the perforated pipe flow but also 4 
on formation characteristics around the wellbore while avoiding simplifying assumptions 5 
such as pre-defined wellbore inflow condition. In this study, a CFD model is developed 6 
which is capable of providing an alternative solution to experimental study of perforated 7 
pipes with different perforation parameters. The three-dimensional CFD model of integrated 8 
reservoir-wellbore flow is simulated with same geometrical parameters as the perforated 9 
pipes used in horizontal wellbores. The perforated pipe is surrounded with a porous media 10 
fed with inflow from reservoir as presented in Fig. 1. The effect of perforation parameters, 11 
including perforation density, diameter and phasing angle, on wall friction factor and pressure 12 
drop are investigated. Computed results for different inflow rate ratios are studied and 13 
parametric study of perforation geometries is carried out. The results are compared and 14 
validated with different pressure drop and friction factor models.  15 
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 1 
 2 
 3 
2. Mathematical Modelling 4 
2.1. Governing Equations 5 
Based on the physical model shown in Fig. 1, two different types of flow conditions are taken 6 
into consideration: the internal pipe flow along wellbore and the porous flow through 7 
formation around wellbore. For a steady-state incompressible flow, the Reynolds averaged 8 
continuity and Navier-Stokes equations are expressed as: 9 
0=
∂
∂
i
i
x
u
 (1) 
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∂ τµρ  (2) 
where 10 
′′
−= jiij uuρτ  (3) 
is the Reynolds stress tensor and accounts for the stress acting on fluid element under the 11 
effect of turbulent flow fluctuations. This term needs to be calculated using the turbulence 12 
model in order to close the equations. The standard k−ε model is chosen for the turbulence 13 
modeling of fluid flow according to the current model validation and similar wellbore flow 14 
simulations in the literature [5, 16, 17]. Comparison of pressure drop results for five 15 
turbulence model of standard, RNG, realizable k−ε, standard k−ω, and Reynolds stress model 16 
(RSM) with experimental data [6, 10], shows that the standard k−ε model provides the most 17 
accurate results while RSM shows fairly acceptable results with considerably longer 18 
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computation time. The standard k−ε model is based on transport equations [19] for 1 
turbulence kinetic energy (k) and its dissipation rate (ε). The term iS in in Eq. (2) is a 2 
momentum sink term that accounts for the momentum loss through porous media around the 3 
wellbore and is zero for wellbore flow.  4 
 5 
2.2. Wall friction factor 6 
Many different friction factor and pressure drop models have been developed previously. In 7 
this study, the computed results are compared with widely accepted models of Asheim et 8 
al. [6] and Ouynag et al. [10]. Asheim et al. [6] investigated momentum balance for a 9 
perforation along the wellbore to derive the following pressure drop model: 10 
D
vff
dx
dp
a
2
0
2)( ρ+=−
 
(4) 
where fa is the additional friction factor to accelerate the injected fluid and is obtained using 11 
the following equation: 12 






+=
nq
q
q
qDf iia 21  (5) 
Ouyang et al. [10] conducted a series of experiments on horizontal wellbore flow with wall 13 
inflow and developed the following pressure drop equation for turbulent flow: 14 
A
q
v
d
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dp iw ρρ 22
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where f0 is the Fanning friction factor for non-perforated pipes that can be determined using 1 
the widely used Colebrook-White equation: 2 








+−=
Re
255.1
7.3
log41
00 fDf
δ
 (9) 
In this study, the average fanning friction factor is calculated by [20]: 3 
2
2
U
f ww ρ
τ
=  (10) 
where wτ  is the area averaged shear stress along the perforated pipe wall. In order to 4 
generalize the pressure drop results for different perforation patterns, the pressure drop 5 
coefficient is calculated by:  6 
2
2
1
iv
PK
ρ
∆
=  (11) 
where P∆  is the overall pressure drop along the perforated pipe and 2
2
1
ivρ  is the dynamic 7 
pressure at the pipe inlet. 8 
  9 
2.3. Computational Model 10 
To accomplish the parametric study of perforation patterns, a baseline perforated pipe with 11 
diameter of D=15 cm and length of L=2 m and perforation diameter of d=10 mm, density of 12 
n=20 shots per meter (SPM), and phasing angle of Φ=90º is chosen. From the baseline 13 
condition, these parameters are varied separately to study the effect of each parameter. 14 
Velocity inlet with uniform distribution is taken into consideration for pipe and formation 15 
inlets (Fig. 1). Three pipe inlet velocities of 0.5, 2.5, and 5 m/s with four inflow to main pipe 16 
flow rate ratios of 0, 7.5, 15, and 30% are simulated. Outflow boundary condition with fully 17 
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developed assumption and atmospheric pressure is defined at the pipe outlet. Formation 1 
porosity and permeability of 0.25 and 250 md, respectively, with water as the working fluid is 2 
considered for simulations. All the operating and boundary conditions are chosen based on 3 
earlier models and their experimental conditions reported in the literature [6, 10]. Semi-4 
implicit method pressure-linked equations (SIMPLE) algorithm is used, since more stable 5 
solution was observed compared to other pressure-velocity coupling schemes. The second-6 
order upwind discretization scheme is utilised for momentum, turbulent kinetic energy, and 7 
turbulent dissipation rate. 8 
(a) 
 
(b) 
 
(c) 
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Fig. 2 – Computational meshes of a) surrounding formation, b) perforated pipe, and c) 
perforation 
 1 
The computational mesh of the integrated model for perforated pipe and porous formation 2 
around the pipe (Figs. 2a-b) was generated with ANSYS Meshing. The mesh size with high 3 
resolution of approximately 1.5–2.1 million tetrahedral cells for different perforation 4 
parameters was created and the average orthogonal quality and standard deviation of 94.7% 5 
and 3.6% were achieved, respectively. Fluid flow computations across these two different 6 
cell zones, i.e., pipe flow and porous media flow are connected using non-conformal meshes. 7 
At the outer side of the pipe wall, where perforations are located and overlap with porous 8 
formation, an intersection is computed and then an interior zone is produced to pass the 9 
fluxes across the two cell zones. Since the perforations are the only connection between the 10 
two cell zones, strong flow gradients at these relatively small entrance points are expected. In 11 
order to capture the sudden changes in flow variables and boundary layer region at such wall-12 
bounded turbulent flow, mesh sizing and inflation layer meshing controls were implemented 13 
during mesh generation (Fig. 2c). In order to ensure that a mesh independent solution is 14 
achieved, simulations were carried out for the baseline condition with different mesh sizes as 15 
presented in Fig. 3. It was observed that increasing the mesh size further than 1 million cells, 16 
does not lead to further changes in simulation results. 17 
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Fig. 3. Pressure drop coefficient for different mesh sizes 
The computations are carried out using parallel processing on a high performance computing 1 
workstation with 32 nodes. Each node was configured as follows: 2×10 cores @2.60GHz, 2 
128GB RAM. The simulation reports, recorded the total CPU time of approximately 90,000–3 
350,000 seconds for different perforation parameters and inflow rate ratios. 4 
 5 
3. Results and discussions 6 
3.1. Model Validation 7 
Since the fluid flow was introduced at perforated pipe entrance in fully developed condition, 8 
comparison of simulation results for all perforation patterns showed only slight variations 9 
before the first perforation. However, at dimensionless distance greater than x/D=4 to 6 from 10 
first perforation, flow parameters including velocity profile shape, wall shear stress and 11 
pressure gradient in axial direction become independent of axial position. In order to examine 12 
that the model works independent of pipe length, more simulations were carried out for the 13 
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baseline perforated pipe with same inflow to pipe flow rate ratio and different lengths of 1 
L=1,2, and 4 m. The simulations showed similar results for area averaged wall shear stress 2 
and pressure gradient in axial direction with changing the perforated pipe length. 3 
In this study, the pressure drop models for perforated pipes developed by Ouyang et al. [10] 4 
and Asheim et al. [6] are used to validate the current model computations. The obtained 5 
results for a pipe with perforation parameters of n= 20 SPM, d=10 mm, and Φ=90º are chosen 6 
for comparison with the mentioned models. 7 
 
Fig. 4 – Current model pressure drop compared with previous models [6, 10] 
Fig. 4 shows the results of model validation study for 12 cases with different pipe flow and 8 
wall inflow rates. The validation results show a good agreement with earlier model 9 
predictions of Ouyang et al. [10] and Asheim et al. [6] with the deviations of 4.7% and 9.4%, 10 
respectively. The pipe frictional losses are usually related to Darcy-Weisbach friction factor 11 
which is a function of Reynolds number and relative pipe roughness. Averaged Darcy friction 12 
factor for perforated tubes with different perforation densities and diameters is compared with 13 
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the equivilant friction factor for non-perforated pipes using Colebrook-white Eq. (9). The 1 
results are within the typical range of friction factor for perforated tubes compared to 2 
previous studies [7, 10, 11, 14, 15]. Figure 5 indicates that the perforated pipe flow behaves 3 
similarly to conventional pipe flow in terms of variations of wall friction factor with 4 
Reynolds number, i.e., as the Reynolds number increases for turbulent flow, the wall friction 5 
factor decreases. 6 
 
Fig. 5 – Darcy friction factor for different perforation densities and diameters 
 7 
3.2. Perforation Parameters 8 
3.2.1. Simulation Scenarios 9 
In this section, the effects of major perforation parameters including perforation density, n, 10 
perforation diameter ratio, d/D, and perforation phasing angle, Φ, on the frictional losses and 11 
overall pressure drop are investigated. The perforation parameters for various scenarios 12 
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considered in simulations are presented in Table 2. The following results are computed for 1 
the pipe inlet velocity of vi=0.5 m/s and inlet flow rate of Q=0.009 m3/s. 2 
Table 2. Simulation scenarios for different perforation geometries 3 
Scenario Perforation density  
n (SPM) 
Perforation diameter, 
d (mm) 
Perforation phasing angle 
Φ (deg) 
Baseline 20 10 90 
    
1 7 10 90 
2 13 10 90 
3 26 10 90 
4 39 10 90 
    
5 20 2.5 90 
6 20 5 90 
7 20 15 90 
8 20 20 90 
    
9 20 10 0 
10 20 10 60 
11 20 10 120 
12 20 10 180 
 4 
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Fig 6 – Illustrative geometries of perforated pipes with different perforation densities 
 1 
3.2.2. Perforation density 2 
The number of perforations plays an important role in the evaluation of productivity and 3 
pressure drop along the perforated pipes. Higher perforation densities are required for 4 
formations with higher flow rates. However, there are other factors such as flow resistant 5 
along the pipe that need to be taken into account before determining the number of 6 
perforations. 7 
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Fig. 7 – Wall friction factor ratio variations with perforation density 
for different inflow rate ratios 
Five peroration densities of 7, 13, 20, 26, and 39 SPM (examples shown in Fig. 6) are 1 
simulated to investigate the effect of perforation density on wall friction factor ratio as 2 
presented in Fig. 7. It is observed that the average wall friction factor grows linearly with 3 
number of perforations. The direct relation between the wall friction factor and the 4 
perforation density has been indicated by Siwon et al. [7] and the linear relation between 5 
these two parameters has been reported by Su and Gudmundsson [8]. In order to study this 6 
behaviour closely, contours of wall shear stress were plotted at the pipe wall for different 7 
perforation densities (Fig. 8). It is evident that area averaged wall shear stress, wτ  (Eq. 10), 8 
grows with increasing the number of perforations. Study of local shear stress around 9 
perforations shows regions of high stress around each perforation. Strong flow gradients 10 
around each perforation creates these high stress points and higher chances of wellbore 11 
instabilities. The summation of the shear stress at these critical points for pipes with higher 12 
perforation densities explains the linear behaviour of frictional losses with perforation density 13 
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in Fig. 7. As a result, it can be assumed that pipes with larger number of perforations along 1 
the wall have higher equivalent pipe roughness. 2 
 
Fig 8 – Wall shear stress contours for pipes with different perforation densities 
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Fig. 9 – Pressure drop coefficient variations with perforation density 
for different inflow rate ratios 
The variations of pressure drop coefficient (Eq. 11) with perforation density calculated for 1 
different inflow rate ratios are shown in Fig. 9. It is shown that increasing the number of 2 
perforations leads to a higher pressure drop along the pipe. The overall pressure drop for a 3 
horizontal pipe with wall inflow is determined by three types of  accelerational, frictional, 4 
and mixing pressure drop [9]. It was seen that frictional losses vary linearly with n and also 5 
for a constant inflow rate ratio, the accelerational term remains constant. Consequently, it is 6 
concluded that with increasing the number of perforations, the overall pressure drop is less 7 
significantly determined by frictional losses. This behaviour also shows that the 8 
accelerational and mixing pressure drops do not vary remarkably with the number of 9 
perforations. 10 
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Fig 10 – Illustrative geometries of perforated pipes with different perforation diameters 
 1 
3.2.3. Perforation diameter ratio 2 
Another perforation parameter that influences the wellbore productivity and flow resistant is 3 
perforation or cavity diameter. Five different perforation dimeters of 2.5, 5, 10, 15, and 20 4 
mm (d/D=0.017,0.033,0.067,0.1,0.133) are considered in order to examine the effect of 5 
perforation diameter on perforated pipe flow (examples shown in Fig. 10). The effect of 6 
perforation to pipe diameter ratio on the wall friction factor ratio is presented in Fig. 11. It is 7 
observed that increasing the perforation to pipe diameter ratio from 0.017 to 0.067 results in 8 
the rise of the wall friction factor slightly. However, no significant impact on the frictional 9 
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losses is observed when the perforation diameter is further enlarged. Similar observation was 1 
reported by Siwon et al. [7] for perforation to pipe diameter ratios greater than 0.07. 2 
 
Fig. 11 – Wall friction factor ratio variations with perforation diameter ratio 
for different inflow rate ratios 
This trend can be explained by studying the contours of wall shear stress for the three cases 3 
as presented in Fig. 12. For 067.0≥
D
d
, similar wall shear stress distribution is observed 4 
which can be explained by the velocity distribution at near wall boundary layer. For smaller 5 
perforation diameters, the fluid is injected with higher velocity resulting in expansion of 6 
boundary layer. This will decrease the velocity gradient in vertical direction verifying the 7 
presented results in Figs. 11-12. 8 
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Fig 12 – Wall shear stress contours for pipes with different perforation diameter ratios 
The variations of pressure drop coefficient with the perforation to pipe diameter ratio at 1 
various wall inflow rates, are presented in Fig. 13. It is evident that the pressure drop, in 2 
general, increases with perforation to pipe diameter ratio. However, this increase is less 3 
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significant for 067.0≥
D
d
at high wall inflow rates. For large perforation diameters, the 1 
boundary layer is no longer influenced significantly as the inflow velocity falls. However, for 2 
the case with no wall inflow, the interactions between perforations and wellbore flow are 3 
significant enough for 067.0≥
D
d
 and the overall pressured drop is not independent of 4 
perforation diameter. 5 
 
Fig. 13 – Pressure drop coefficient variations with perforation diameter ratio 
for different inflow rate ratios 
 6 
3.2.4. Perforation phasing angle 7 
Perforation phasing angle is the angle between the perforations, which can influence the 8 
stability of the pipe for high density perforations. The effects of perforation phasing angle on 9 
the flow resistance and productivity need to be taken into account in the design of perforated 10 
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pipes. Five different perforation phasing angles of 0º, 60, 90º, 120º, and 180º are simulated 1 
(examples shown in Fig. 14). 2 
 
Fig 14 – Illustrative geometries of perforated pipes with different perforation phasing angles 
 
Fig. 15 – Wall friction factor ratio variations with perforation phasing angle for 
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different inflow rate ratios 
The Wall friction factor ratio and the shear stress contours for perforated pipes with different 1 
phasing angles are presented in Figs. 15-16.  2 
 
Fig 16 – Wall shear stress contours for pipes with different perforation phasing angles 
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It is evident that the averaged wall friction factor does not vary significantly with the phasing 1 
angle. A similar behaviour is observed when the contours of wall shear stress for different 2 
perforation phasing angles are compared. The contours indicate that in the near perforation 3 
areas, the wall shear stress is larger as a result of a faster fluid motion. In addition, for the 4 
Φ=90º, the wall shear stress is more uniformly distributed whereas for Φ=0º the wall shear 5 
stress is mainly concentrated around the perforations. This behaviour for line perforation 6 
pattern, with phasing angle of Φ=0º, results in increasing the chance of wellbore instabilities. 7 
These results agree with the experiments carried out by Su [15] confirming that the friction 8 
factor is independent of perforation phasing angle. 9 
The pressure drop coefficient for different perforation phasing angles is shown in Fig 17. It is 10 
observed that for the phasing of Φ=90º, a higher pressure drop along the pipe is resulted 11 
when compared with the other two line patterns. The highest pressure drop value for this 12 
phasing angle is attributed to the mixing component of the overall pressure drop. Mixing 13 
pressure drop becomes the dominant component of the overall pressure drop where 14 
accelerational and frictional pressure drop values are close to each other for different phasing 15 
angles (Fig. 16). Mixing pressure drop represents the disturbances and energy dissipations 16 
along the turbulent bulk flow.  A close examination of velocity vectors showed that the 17 
vortical structure of the flow changes for different perforation phasing angles. In order to 18 
examine the mixing effects based on this observation, swirling strength (λ) was calculated as 19 
the imaginary part of complex eigenvalues of velocity gradient tensor [19]. This flow 20 
parameter represents the strength of the local swirling motion. Volume averaged swirling 21 
strength and turbulence eddy dissipation for different perforation phasing angles are plotted 22 
in Fig. 18. It can be seen that for the case of Φ=90º, the perforation pattern creates the highest 23 
swirling strength and dissipation rate through the perforated pipe. 24 
 25 
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Fig. 17 – Pressure drop coefficient for different perforation phasing angles 
 1 
 
Fig. 18 – Volume averaged swirling strength and turbulence eddy dissipation for different 
perforation phasing angles 
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3.3. Flow parameters 1 
One of the important flow parameters influencing the wellbore flow characteristics is the 2 
inflow to main flow rate ratio. In this study, this ratio is defined as the total inflow rate 3 
through perforations to the pipe flow rate at the outlet. A review of the wall friction factor 4 
results for different perforation parameters (Figs. 7, 11, 15) indicates a similar behaviour 5 
under the effect of flow rate ratio. As soon as the inflow from the pipe wall is initiated, the 6 
wall friction factor for turbulent flow falls sharply. This is commonly known as the 7 
lubrication or smoothing effect. It is however observed that the frictional losses do not vary 8 
remarkably once the ratio is over 0.075. A close comparison of results for different 9 
perforation parameters in Figs. 9, 13, 17 indicates that the overall pressure drop grows 10 
linearly with the increase in flow rate ratios. This observation agrees well with the results of 11 
earlier experiments reported in the literature and the pressure drop model developed by 12 
Ouyang (Eq. 6) [10, 21]. For wellbores with higher inflow rates, the accelerational pressure 13 
drop plays a more significant role in determining the overall pressure drop compared to the 14 
frictional and mixing components. 15 
It is observed that for the inflow rate ratios greater than 0.075, the wall friction factor is 16 
almost independent of the inflow rate. In order to investigate the effect of pipe inlet velocity 17 
on the wall friction factor ratio, the computed results for different perforation parameters and 18 
inflow rate ratio of 0.075 are compared in Fig. 19. It is evident that for all perforation 19 
patterns, the wall friction factor ratio drops as the pipe inlet velocity rises. This means that the 20 
frictional losses grow along horizontal wellbores as moving from the heel towards the toe. A 21 
comparison of different perforation parameters reveals that the wall frictional factor falls to 22 
the lowest value for the smallest perforation diameter ratio. On the other hand, it is observed 23 
that with increasing the perforation density, the wall friction grows linearly. 24 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
34 
 
 
Fig. 19 – Wall friction factor ratio variations with pipe inlet velocity 
for different perforation parameters at %5.7=Q
qi
 
Similar investigation is carried out to study the influence of inlet velocity on overall pressure 1 
drop for all perforation patterns. The results (Fig. 20) show that the overall pressure drop 2 
grows with increasing the pipe inlet velocity. This confirms that the frictional losses are less 3 
influential at high Reynolds numbers. A comparison of different perforation parameters 4 
reveals that the peroration density of n=39 SPM results in the largest pressure drop among all 5 
the studied cases, due to the higher frictional losses while for perforation phasing angle of 6 
Φ=0º, the overall pressure drop falls to lowest value. This proves that the overall pressure 7 
drop can be reduced by changing the perforation phasing angle from spiral patterns (Φ=60º, 8 
90º, 120º) to line pattern (Φ=0º) with minimising the mixing pressure drop. 9 
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Fig. 20 – Overall pressure drop variations with pipe inlet velocity 
for different perforation parameters at %5.7=Q
qi
 
 1 
4. Conclusions 2 
A three-dimensional reservoir-wellbore model was developed to study the effect of 3 
perforation density, diameter and phasing angle on friction factor and pressure drop along a 4 
perforated pipe. The simulations were carried out via CFD modeling and the obtained results 5 
were validated with previous models. It was found that wall friction factor, shear stress, and 6 
pressure drop grows with increasing the perforation density. Therefore, with increased wall 7 
shear stress more attention is required on perforated pipe stability taking into account that 8 
high perforation density can make the  wellbore susceptible to collapse.  On the effect of 9 
perforation diameter, it was found that enlarging the perforation diameter up to 067.0=
D
d
 10 
leads to higher frictional losses and pressure drop. However, for larger perforation diameter 11 
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ratios, flow resistance characteristics gradually weaken and are eventually independent of this 1 
parameter. The simulation results revealed that wall friction factor is independent of 2 
perforation phasing angle. However, it must be noted that for phasing angle of Φ=0º the wall 3 
shear stress is more concentrated around the perforations. On the other hand for spiral 4 
phasing of Φ=90º, the pipe flow has the highest swirling strength and consequently highest 5 
pressure drop due to mixing effects. 6 
It was also observed that with initiation of fluid inflow from pipe wall, the friction factor falls 7 
sharply but gradually levels off with further increase in flow rate ratio. On the contrary, 8 
overall pressure drop varies directly with the inflow rate ratio. With regards to the effect of 9 
pipe flow rates, the results show that wall friction factor grows along the horizontal wellbore 10 
as moving from the heel towards the toe. The obtained results also show that pressure drop 11 
grows with increasing the pipe inlet velocity. Comparison of all perforation parameters 12 
together shows that perforation density of n=30 SPM results in the highest pressure drop 13 
while for perforation phasing angle of Φ=0º, the overall pressure drop falls to the lowest 14 
value. Extensive comparison of current model simulations with previous experiments proves 15 
its wide range of application that can be used as a cheap and quick tool for perforated pipe 16 
studies.  17 
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Highlights: 
• An integrated reservoir-wellbore flow model for perforated pipes is developed. 
• Effect of perforation parameters on pressure drop along wellbore is studied. 
• Wall friction factor and pressure drop vary directly with perforation density. 
• Flow resistance becomes independent of perforation diameter as growing gradually. 
• Frictional losses along perforated pipes are independent of the phasing angle. 
